) forms a stable 1: 2 (metal:ligand) complex with palladium(II), which is quantitatively extracted from aqueous solutions of pH 1.5 -5.8 into toluene, the extract having an absorption maximum at 357 nm. Beer's law is obeyed over the range 0.1-2.0 µg mL' of palladium. The apparent molar absorptivity is 4.76X104 M-' cm-'.
Since propanedithioamide
and N,N'-disubstituted propanedithioamides form neutral S,S-coordinated complexes and/ or cationic S,N-coordinated complexes with transition metal ions, a lot of studies on complexes of these ligands with copper(II)', gold(III)2, nickel(II)3-5, palladium(II)5-', platinum(II)5, zinc(II)8, etc. have been done from the viewpoints of both coordination chemistry and structural chemistry. These ligands seem to be useful also as analytical reagents and/ or extractants for metals, but they have not been applied for such purposes, except for the gravimetric determination of nickel and cobalt with N,N'-diphenylpropanedithioamide (DPDTA or HL) by Pal et al.9 In this work, the complexation reaction of DPDTA with palladium(II) and the extraction of the palladium-(II)-DPDTA complex have been investigated spectrophotometrically for the purpose of developing a sensitive and selective method for the determination of micro amounts of palladium. Furthermore, equilibria and kinetics of the extraction of palladium(II) with DPDTA have been studied in detail.
Experimental

Reagents
All reagents used were of analytical-reagent grade and all solutions were prepared with distilled, deionized water, unless stated otherwise. DPDTA solution. Prepared fresh daily by dissolving the required mass of DPDTA, synthesized by the method of Barnikow et al.9"0, in toluene or ethanol and stored in an amber bottle. Standard palladium(II) solution. Prepared by dissolving, with heating, about 150 mg of palladium nitrate in 30 ml of nitric acid (1+1) and diluting to 200 ml with water. This solution was standardized by EDTA back-titration with Xylenol Orange as an indicator in the presence of excess of zinc(II 
Apparatus
The following instruments were used: a Hitachi 139 spectrophotometer and a Shimadzu UV-2100 automatic recording spectrophotometer, with l0-mm cells, Toa HM-20B pH meter, an Iwaki KM shaker, and a Haake FK-2 thermoelectric circulating bath. Extractions for kinetics were performed by shaking samples in 50-ml separating funnels jacketed to keep the systems at a constant temperature (18±0.1°C) by water circulated from the thermostatic bath, a temperature of 18° C being chosen because the rate of the complexation reaction of palladium(II) with DPDTA was too rapid to measure at higher temperatures. Experiments for extraction equilibria were carried out in a room kept at 25±1°C. Procedures Determination of palladium. Place a sample or standard solution containing up to 20 µg of palladium(II) in a 50-ml separating funnel and add suitable masking agents if necessary, followed by adding a sufficient volume of 0.05 M sulfuric acid to adjust the pH to 1.8 -2.0, and dilute to about 20 ml with water. Add 10 ml of a toluene solution of 3.0X104 M DPDTA and extract the palladium(II) by shaking for 10 min. Allow the phases to separate and transfer the organic phase into a flask containing about 1 g of anhydrous sodium sulfate in order to dehydrate it. Measure the absorbance of the extract at 357 nm against a reagent blank prepared under the same conditions using 10-mm cells. Partition of DPDTA. Equal volumes (10 ml) of a 6X 10-5 M solution of DPDTA in toluene and water containing sufficient sodium hydroxide to adjust the pH to a given value between 11 and 12 and sodium chloride to maintain the ionic strength at 0.1 were shaken for 30 min. After phase separation, the pH of the aqueous phase was measured. The organic phase was then transferred into a flask containing about 1 g of anhydrous sodium sulfate in order to dehydrate it. The absorbance of the organic phase was measured at 300 nm against toluene, the concentration of DPDTA being calculated by using the molar absorptivity (2.28X104 M-' cm') of DPDTA in toluene at 300 nm. The equilibrium concentration of DPDTA in the aqueous phase was calculated by subtracting the organic equilibrium concentration from the initial concentration. Distribution of palladium. The distribution of palladium between toluene and water was determined as a function of the DPDTA concentration in the organic phase. A 10-ml aliquot of an aqueous solution containing 8.98 sg of palladium(II) and 3 ml of 2.5 M sulfuric acid was placed in a 50-ml separating funnel along with 10 ml of a toluene solution of (2.1-4.2)X104 -M DPDTA. The funnel was shaken for 1 h to ensure that the equilibrium was achieved. After the phases separated, the equilibrium concentration of palladium in the organic phase was determined by measuring the absorbance of the extract at 357 nm against a reagent blank.
The equilibrium concentration of palladium in the aqueous phase was calculated by subtracting the organic equilibrium concentration from the initial concentration. Kinetic procedure. The kinetic runs were carried out under pseudo-first-order conditions, the DPDTA in the toluene phase being in large excess over palladium(II) in the aqueous phase. A 10-ml aliquot of an aqueous solution containing 8.98 tg of palladium(II), sulfuric acid to adjust the pH to 0.9 and sodium sulfate to maintain the ionic strength at 0.4, was placed in a 50-ml separating funnel. After thermal equilibration (ca. 30 min), the equal volume of a toluene solution of (2.5 -5.1)X10-4 M DPDTA was carefully added. The reaction was begun by shaking. The experiments were carried out in the "plateau" region, i.e., where a further increase in shaking speed had no effect on the rate of extraction. After shaking for a predetermined time (from 1.5 to 8 min), the funnel was allowed to stand for 5 min to ensure complete phase separation. The absorbance of the organic phase was measured at 357 nm against a reagent blank.
The palladium concentration was obtained from a calibration graph prepared under the identical conditions. The concentration of palladium in the aqueous phase was calculated by subtracting the concentration in the organic phase from the initial concentration.
Results and Discussion
Properties of DPDTA DPDTA is insoluble in water but soluble in dilute alkaline solutions and organic solvents such as ethanol, 1,4-dioxane, toluene and chloroform. The DPDTA solution is oxidized gradually, so that it should be prepared fresh daily and stored in an amber bottle or in the dark. Figure 1 shows the absorption spectra of DPDTA in aqueous 50%v/ v ethanol at different acidities. Spectra A and E, whose absorption maxima are at 300 and 388 nm, correspond to species HL and L-, respectivly.
Proton dissociation constant of DPDTA As is evident from Fig. 1 and the structure of DPDTA shown in Fig. 2 , the proton dissociation equilibrium may be expressed as follows:
where Ka is the proton dissociation constant. The pKa value was estimated to be 9.01 by extrapolating the ethanol concentration (20 -50%v/ v) versus apparent pKa plot to the intercept. The apparent pKa values were determined spectrophotometrically at an ionic strength of 0.1, 25±0.1°C and various ethanol concentrations.
Reactions with metal ions As may be expected from the fact that DPDTA has S and N atoms as donor atoms in its molecule, it reacts well with transition metal ions, especially so-called soft and intermediate metal ions, to form complexes. These complexes were extracted into organic solvents such as benzene, toluene and chloroform. Toluene was used as an extraction solvent in subsequent studies because of being less toxic than the others. In Table 1 are shown absorption characteristics of metal complexes extracted into toluene. Copper(II), which is not listed in Table 1 , also reacted with DPDTA, but no stable complex was formed, presumably because it catalizes the oxidation of DPDTA.
Spectrophotometric studies of determination of palladium Absorption spectra and effect of pH. Among DPDTA complexes, the palladium(II) complex is stable and can be extracted from acidic solutions into toluene. Figure 3 illustrates the absorption spectra of the palladium(II)-DPDTA complex and DPDTA extracted into toluene. The complex has an absorption maximum at 357 nm. In Effect of volume ratio of organic to aqueous phase and stability of extract. The organic to aqueous phase ratio from 1:1 to 1:6 did not affect the absorbance. The absorbance of the extract remained constant even after several hours, which suggests that the extracted complex is stable. Calibration graph, sensitivity and precision. The calibration graph obtained by the proposed procedure was linear over the range 1-20 µg of palladium and passed through the origin. The equation for the line obtained by a least-squares treatment was Pd(µg/ 10 ml) = 22.2A (2) where A is the absorbance. The apparent molar absorptivity calculated from Eq. (2) was 4.79X104 M-1 cm-1. Ten standard solutions containing 8.98 tg of palladium(II) were analyzed by the proposed procedure. The results gave a relative standard deviation of 0.73%. Effect of diverse ions. In order to study the effect of other ions on the determination of palladium, a fixed amount (8.98.tg) of palladium(II) was taken with various amounts of foreign ions and the proposed procedure was followed. The results are summarized in Table 2 . Silver(I), mercury(II) and large amounts of platinum(IV) interfere with the determination of palladium, but these interferences can be removed by the addition of the masking agents noted in Table 2 . Gold(III) and copper(II) also interfere when more than 10 µg is present, but up to the same amount as that of palladium(II) are tolerable. Other ions do not interfere even when present in large amounts.
Hence the proposed procedure is regarded as selective for palladium(II). 8.98 µg/ 10 ml; (0) 3.0X104 (6):
Equation (6) implies that the plot of log DL against the pH gives a straight line with a slope of -1, the value of KD being calculated from the intercept of this line. Such a relation was experimentally obtained as shown in Fig. 6 , from which a value of 3.13 was obtained as log KD. Extraction constant of palladium. The overall reaction in the extraction of palladium(II) with DPDTA may be expressed as PdLn~ ° g~++nH+. (7) Pd2++nHLorg ~--The extraction constant, KeX, is defined as Eq. (8) and is rewritten as Eq. (9) by using the distribution ratio of palladium, Dpd:
Equation (9) implies that the plot of log Dpb against log[HL]°rg at a constant pH value gives a straight line with a slope of n for palladium(II), the value of KeX being calculated from the intercept of this line. In fact, a linear relationship with a slope of about 2 was obtained experimentally as shown in Fig. 7 . From this result, it can be concluded that a 1: 2 complex, PdL2, is extracted into toluene in this extraction system. This composition of the complex is in agreement with that of the 5,5-coordinated complex isolated from glacial acetic acid by Pellacani.6 The logarithmic value of KeX was calculated to be 7.56 from the intercept of the line in Fig. 7 .
Studies of extraction kinetics
The rate of formation of the palladium(II)-DPDTA complex can be assumed to be
where t is the reaction time, k' is the rate constant and a, b and c are the reaction orders with respect to the concentrations of palladium(II), DPDTA and hydrogen ion, respectively. Reaction order with respect to palladium ion concentration. Under a pseudo-first-order condition where excess of DPDTA is present and the pH is constant, the rate of the extraction of palladium(II) with DPDTA into toluene is expressed as
where kobsd is the observed pseudo-first-order constant. By integrating Eq. (11) 
where [Pd?+]t=o and [Pd2+]1_, are the concentrations of palladium(II) in the aqueous phase at t=0 and t, respectively. As shown in Fig. 8 , the plots of in([Pd2+]t=o/[Pd2+],=t) versus t for the palladium(II)-DPDTA system were linear and passed through the origin, which indicates that the rate of the complexation reaction of palladium(II) with DPDTA in this extraction is first order dependent on the palladium(II) concentration, i.e., a=1. Reaction order with respect to concentrations of DPDTA and hydrogen ion.
From Eqs. (10) and (11), Eq. (13) can be derived, which is rewritten as Eq. (14).
The plot of log kobsd versus log[HL]org obtained experimentally at a constant pH gave a straight line with a slope of unity, as shown in Fig. 9 . The plot of log kobsd versus pH at a constant [HL]org gave a straight line independent of the pH, as illustrated in Fig. 10 . These results demonstrate that the reaction order with respect to the DPDTA concentration in this extraction is unity, i.e., b=1, the order in the hydrogen ion concentration being zero, i.e., c=0. Rate-determining step, rate constant and activation parameters for extraction. Since the species of palladium and DPDTA in the aqueous phase in the pH range studied are Pd2+ and HL, the equilibrium and the reaction involved in the formation of a monoligand complex are as shown in Eqs. (15) and (16):
The symbol k represents the rate constant of the reaction. On the basis of the results described above and the assumption that the rate-determining step of the extraction of palladium(II) with DPDTA is the formation of the monoligand complex, shown in Eq. (16) 
Equation (17) is consistent with the above experimental results that the extraction rate is first order dependent on the concentrations of palladium(II) and DPDTA and is independent of the hydrogen ion concentration, which indicates that the above assumption is right. From Eqs. (11) and (17) 
The value of k can be calculated from Eq. (18). The k value at 18±0.1 ° C and an ionic strength of 0.4 calculated by actually substituting the data in Fig. 9 and the value of KD for respective terms in Eq. (18) was 2.57X104 M-' s-1. Figure 1 1 illustrates the temperature dependence of the rate constant k in the range 13 -22° C. The graph of log k versus 1 / T (where T denotes absolute temperature) gave a straight line (Arrhenius plot). The rate constant at 25±0.1° C was obtained by extrapolation of this Arrhenius plot. The value is given in Table 3 together with those of the activation energy, Ea, activation enthalpy, AH$, activation entropy, AS, and activation free energy, A G$, at 25±0.1 ° C and an ionic strength of 0.4 in comparison with those values of the complexation reaction of 5-methylfurfural 2-benzothiazolylhydrazone (MFBH)12, o-xylylene bis(diethyldithiocarbamate) (o-XEDTC)13 and 1,10-phenanthroline (Phen)13 with palladium(II) ions. Mechanism. Palladium(II) usually forms the square planar complex.14 The rate of the complexation reaction increases with increment of the softness of the ligand as Lewis base.15"6 As is clear from Table 3 , the secondorder rate constant, k, of the reaction of Pd(H20)42+ and PdC13(H20)-with the neutral ligand increases in the following order: Phen<MFBH<o-XEDTC<DPDTA. The rate of the reaction of Pd(H20)42+ with DPDTA is about 103 times faster than that of PdC13(H20)-with Phen. These suggest that the softness of the above ligands increases in the above order and that the complexation reaction of Pd(H20)42+ and PdC13(H20)-proceeds through the associative mechanism. Also, the fact that the values of Ea, OHM and AS of the complexation of DPDTA are smaller than those of the complexation of MFBH suggests that DPDTA forms the complex more easily than MFBH and that the DPDTA complex has a more rigid structure than the MFBH complex. 
